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EFFECT OF EIIGIflE-OPERATIPG VARIABLES AND INTERNAL COOLANTS ON 

SPARK-ADVAIXE REQUIREMENTS OF A LIQUID-COOLED CYLINDER 

By John F. Pfonder, Carl Dudugjian,  and A. F. Lietzko 

h I 

dUM-ARY     , 

Tests v.ure conducted to determine the effect of engine- 
operating variables and internal coolants on spark-advanco 
requirements of •>. single cylinder from a 12-oylinder liquid- 
cooled online for maximum take-off power and maximum cruise 
economy.    Tho effects of fuel-air ratio, engine speed,  air 
flow (charge density), mixture temperature, and internal 
coolants on peak-power (optimum) spark advance -..ore investi- 
gated.     In addition,  tests  were conducted to determine the 
offoct or spark advance on tho knock-limited ongiuc per- 
formance at several mixture temperatures for conditions 
simulating take-of, hL-h-power cruise,  and low-power cruise. 

In tho liquid-cooled cylinder operated With 28-R fuel, 
the following results wore obtained» 

1. Among the variables tcstod only fuel-air ratio and 
internal coolauWuol ratio have largo offoets on the peak- 
power spark timing. 

2. When tho spark timing is advanced from normal (inlet, 
28° B.T.C.j exhaust, 34° B.T.C.) at a fuel-air ratio of 0.Ü60 
to peak pov;:.r at a fuol-air ratio of 0.057, which sacrifices 
no  engine power for a ijivei; inlet-air pressure,  a 4-percont 
reduction in indicated specific fuel consumption is realised. 
Any nnevenoss in mixture distribution of a multlcylindcr engine 
would rosult in a decrease in brake specific fuel consumption 
greater than that for a singlo-cylindor engine; the more uneven 
the mixture distribution, tho greater is the decroaüo to bo ex- 
pected. 
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3. An increase of approximately 10 performance numbors 
in the lean ratine of the fuel ./ould be required to maintain 
the seme knook-limitod power at a. fuel-air ratio of 0.060 if 
the  spark timing was advanced to peak power. 

4. Knock-limitod indicated moan effective pressure at 
take-off conditions was incroaced about 6 percent when the 
spark tuning was retarded from tho normal value (inlet, 28° 
3.T.C.;  exhaust,  34° B.T.C.) to tho point where rough opera- 
tion was reaehod (inlet, 16ö 3.T.C., exhaust, 22° B.T.C). 
'Then tho additional supercharger pov/cr necosjary to  supply 
the higher manifold pressure is considered, the sain in the 
knpck-limitod ^rako horsepower for a multicylinder engine 
with a single-star^ supercharger is approximately 4 percent, 

IOTR0DUCTI01! 

Most current models of the in-lino liquid-cooled engino 
have fixed spark timing.    It WM desirable, houcvor, to in- 
vestigate the advantages of variable spark tirajnj in these 
engines bcoauso a higher knock-froo tr.ko-off power oan bo ob- 
tained when tho spark timing is retarded and a lower fuel con- 
sumption can be o'utainod'far looxi-Eiixturo cruising when the 
Epark timing is advanced than results -./her. fixed ayark timing 
is used. 

In ordor l.o  evaluate these  advantages,  engine tests wore 
conducted at tho NACA Clovelanü liV-orntory during tho latter 
part of 1944 to determine the effects of fucl--\ir ratio, 
engine  speed,  a!r flow (charge density),   r<nd mixture tempera- 
ture on tho peak-power (optimum)  spark advance and to deter- 
mine the effect of spark advance on 'mock-limited pov/cr.    An 
investigation was also made of tho spark-advance requirements 
with tho use of water and a mixture of water and ethyl alcohol 
as internal coolants.    The results of these tents, which con- 
stitute part of tho general progran for improving the power 
output of the laulticylindcr  liquid-cooled angina as  requested 
by tho Amy Air Forces, Air Technical Service Command,  arc 
reported herein« 

\ 

APPARATUS 

Tho tests wore o^nduoted with a multicylindtr block 
ndaptod to a CUE irankcase (reference 1). Figure 1 shows 
cylinder 2 in position for firingj cylinder 3, however, was 
usod in these tests. 

The internal-coolant injection system comprised a prcs- 
surizod supply tank, a rotamoter, and an injection nozzle. 
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The injection nozzle was a ooppor tubo soalod at the ond and 
drilled with four snail holes spaced in a rov along the length 
of the tubi:.    Fi.^uri 2 illustrates the two positions used for 
the injection of internal coolants«  position A before tho 
vaporization ton!: and position 3 at the intake elbow.    In both 
poeitions tho nozzle was installed to inject the intornal 
coolrnt downstream. 

Cylinder-head temperatures wore measured by a thermocouple 
located between tho exhaust-valve scats  (fig. 3), which is tho 
region of highest cylindor-hoad temperature.    ;inock '.vas dotcetod 
by moans of a magnetic vibration-ty,.c pickup,  an anplifior, and 
an oscilloscope. 

T^ST PROCEDURE 

Iho following engine conditions were maintained: 

Compression ratio  ..............     6.65 
Tlnginc speed, rpi.; 2280,  2600, 3000 
Inlet-oil temperature, °i'  1C5 
Outlet-coolant temp; raturu, °F • 250 
Coolant flow at 2280 rpir.,  gallons per minute  90 
Coolant flov; at 2600 rivr.,  gallons per minute    ...... 105 
Coolant  flow at  3000 rrr.',  gallon« per r.inuto    ...... 120 

The norr.nl spark advance for tho engine is 28° B.T.C. for tho 
inlet side and 34° S.T.C. for the exhaust side.    The timing of 
the inlet spark was retarded 6° from that of tho exhaust spark 
for all tests.    The engine ooolant was 30-perc-flt ethylono 
glycol, Army-Navy specification AI7-E-2,  and 70-percent water. 
Cold spark plugs were used ti prevent proignition and tho fuel 
was  28-r.. 

Tests were conducted to dctomine tho effect of fuel-air 
ratio, engine speed,  air flov/, mixture temperature,  and internal 
coolants on poak-power spark adYanee.    Tho spark timing was 
varied over a rang.? sufficiently .vide to dctorr-ine  accurately 
tho point of maximum power.    T:o internal coolants wore uscdi 
voter and a mixture by  volume of 50-pcrcent water and 50-pcrcont 
ethyl aloohol.    Several ratios by weight of tho internal coolant 
to fuel wore investigated with injection into  the vaporization 
tank and with injoction into tho intake elbow. 

Knock-limited engine performance was also doterainod for a 
range of spark advance from approximately 15° rctardod from 
normal to 15° advanced from normal at engine conditions simulating 
tako-off, high-power cruise, and low-power cruise. 

\ 
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RESULTS .::!D Discussion 

Effect of Engine Variaolcs  and Internal Coolants 

on Spurk Advance for Peak rower 

Fuel-air ratio.- Ihc eff..ct of spark advance on power and 
fuel consum-jtien '.it three engine sp^eda and for several fuel-air 
ratios is presented in figure 4.    The values of peak-power (optimur.) 
spar1: advtncc ar..'indicated by arrows on thos.. curves.    Thes-- valu ;s 
v.ro chosen to correspond with minimum fuel consumption as well as 
with peak pow-r.    Xnaanuch as spark advance does not appreciably 
affect the mount of charuc entering the cylinder, tho spark advance 
giving the best oycle efficiency will :;ive minimum fuol consunption 
as (foil as r.aximun powsra    Hereinafter, the optimum value ef spark 
advand.. will be designated the sp?rk advance for peak power; how- 
oVvr,  it i3 also the  spark advsnoc at which minimum fuol consumption 
is obtained at the same operating coi:ditioi.s.    The values of spark 
advance  indicated by the arrcs on figure 4 havo bo^-n plotted in 
figure 5 to show the influence of fuel-air ratio on spark ndvanoo 
for peak power.    £ho decided effect of fuel-air ratio on spark 
advance for peak power .Is caused by th^ pronounced influence of 
fuel-air mixture on flame speed.    In.asi.iuch is the flame speed de- 
creases for fuol-air ratios le-jier or richer than about 0.085 to 
0.095 (rifor<..nco 2), the ignition timing for ;>cak power must bo 
advanced when operating at fuol-air mixtures leaner or richer than 
O.Ot'6 to 0.095. 

EngiiK.  sp_eod," Florae  speed increases  r'iidly with engine  s;iecd 
bcca-JSv. of incroas.d turbulence.    In the liquid-cooled cylinder, the 
fiamo spood increased at a slightly elc.er rake than engine speed 
over the ran^o tested.     It was therefore necessary to  advance the 
spark a small cmount to maintain peak t>owcr for a given fuel-air 
ratio as tho speed wa3 increased (fig.  5). 

Mr flow.- The  effect of spark adv-nc^ on power and fuol con- 
sumption with vario -is air flows and two fixture temperatures (125° 
and 225° F) is shown in figure 6.    The inlet-air pressure and tho 
exhaust back pressure  are equil at 30  Inches of mercury absolute 
(approximate air flow, 437 lb/hr)j therefore, the valve-overlap 
losses are smaller th.-'i at hijdicr iulot-air pressures where thorc 
is a groator dil'foronti al pressure to JIOW tho unburned charge 
t>rough tlie cxhaist valves d.iring tho  scavenging period.    Conse- 
quently for inlet-air pressures near atmospherio, tho indicated 
specific fuel consumption is later.    Data from figure 6 havo boon 
plotted in figure 7 to illustrate tho effect of air flow on spark 
advneo for peak power.    This plot indicates that in the liquid- 
cool d cylinder flane  spood varies only slightly with  air flow. 

>! 
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rixturo tumpjrature. - Figure 8 shows tho effect of spark 
advance  on power and fuol consumption for mixture temperatures 
of 175° and 2£S° F at constant air flow.    D>\ta from figures 6 
and 8 have boon rcplotted in figure 9 and indiente that the in- 
fluence of mixture temperature on poak-power spark advance is 
almost nogli'ible.    In these- test* tho effect of mixture tem- 
perature on flnmc speed was isolated by maintaining constant 
air flow. 

Internal  coolants.  - The  influence of spark advance on fuel 
consumption, power,  ar.d cylind ;r-hcad temperature for tho two 
internal coolants aud for the two positions of injection arc pre- 
sented in figure 10.    Fonk-powcr values of spark advance from 
figure 10 have been plotted in figuro 11 to illustrato tho effect 
of internal coolant-fuel ratio on spark advance for peal: power, 
ffatcr, whon injected before the vaporization tank and allowed to 

'mix thoroughly with the fuel-air r.ixture,  slv.ied the flaito speed 
more than when injected into the intake elbow.    On tho other hand, 
the flame speed was slowed to about the sai^e degree regardless -if 
injection position when injcotlng the 50-50 watcr-cthyl alcohol 
mixture.    For the sai.-.c internal coolant-fuel ratios and tho same 
position of injection,   tho water-ethyl alcohol nixture retarded 
burning loss than water injection.    This difference in burning 
rate sight b.   expected because alcohol is a fuel .and therefore 
t-.k s part in the combustion process. 

For vaporization-tank injection, the Mixture temperature 
dooroasod as more internal coolant wag injected until the fuel-air 
mixture o..oomo saturated (fig.  12)  and then the mixture tempera- 
ture remained relatively constant.    In a corresponding manner, the 
power at peak-power spark advance increased because of tho inorcasod 
charge weight Inducted i:»to tho cylinder until the internal coolnnt- 
fuol ratio for saturation was reach.d (fig.  13),  at which point tho 
potfor leveled off.    After complete saturation of tho incoming mix- 
ture with the internal  coolants,  any additional cooling of the mix- 
ture must occur after the  intake valves olose,  which makes  it  im- 
possible to increase engine power thrcugh an effect on air flow. 
Fron thi3 point,  tho power obtainable, at peak-power spark advanoc 
dropped clirjitly ds the internal coolant-fuel ratio was increased 
because some heat of vaporisation was extracted from the air during 
tho compression stroke, .resulting in a decrease in cyole efficiency, 
TOion the internal coolant was injootod at the manifold elbow, tho 
power increase at pook-powcr spark advance wa3 relatively small 
(fig. 13)  because there was insufficient tli.e for charge cooling 
before the intako v.alvos closed. 

The p.-rconta~c lo3s in power at various valu_s of spark advance 
ov. r that which could bo obtained by using peak-power spark advance 
for oaoh intornal coolant-f icl ratio investigated is prosonted in 

• 
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i'i~ur,.  14.    '..hon the 0n5i.no is operated v.-ith normal spark timing 
at a given internal coolant-fuel ratio  and position of injection, 
thin loss is approximately twice as much when injooting water as 
-11 inti.rn-1 "oolnnt as when injecting a mixture of 50-SO watcr- 
-thyl alcohol.    In all c;ises, however, the engine power at normal 
spark advance rdth a [,ivon inlet-air pressure is increased by the 
use of internal ooolants. 

1 

Increase in Cruiso Economy Using Variable Spark Timing 

A oorparisor. of performance with normal spark advance and 
jorformaneo \/ith poak-powcr spark advance (fig.  15)  indicates no 
appreciable difference in power and in specific fuol consumption 
for fuel-air r-tios greater than 0.065«    For mixtures leaner than 
0.Q65, however,  sore improvement -In fuol oconomy and power is 
realized by using peak-power spark adv;;co.    If the spark timing 
is advanced frori r.crnal at a fuel-air ratio of 0.061 to peak power 
at c fuel-air ratio of 0.057, which sacrifices no povur for a 
given lnlot-nir pn csuro,  a 4-percent reduction in indie-tod speci- 
fic fuel consumption is attained. 

"ffoot of Spark Adv.anoc on Knock-Limited Engine Performance 

The effoct of spar?: timing on knock-limited engine porfon-iaiico 
for conditions simulating take-off, Uigh-pov.or cruise,  and low- 
power cruise is shov.n in figure 16,    In all cases tho knock-lir.itcd 
engine power increased -.3 the spark was retarded until rough opera- 
tion was encountered (inlot,   16° 3.T.C,;  e.ihaust,  22° B.T.C.).    A 
power increase of approximately 6 percent ws realized by rotarding 
tho spark 12° froir. normal  at lov- and intermediate mixture tenpora- 
turesj whereas the lnoroaso vas considerably greater et high fix- 
ture taapcratur ;s.    fihon the additional supercharger work necessary 
to supply the hi,"hi r uonifold pressure is taken into account,  this 
power increase of C p-rc^nt on an indicated basis results in a 
po'.'^r increase of approximately 4 percent on a brake basis for a 
multloyllndor engine with a single-stage supercharger. 

PROBABLE EFFECT OF SPAPK ADWHCE 0iT HE ECGHOLiY OF A 

JrULTICYLIIIDEI! E1IGIKE HAVING  IMPERFECT 

IIIXTURE DISTEIP/iiTIOH 

The discussion thus far has boon based on tho single-cylinder 
engine.    The data shown for l:an-r.iixturo fuol consumption would 
apply to a r.ultioylindcr engine only if the mixture distribution 
was perfect. 
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The multicylinder engine, which has imperfect mixture distri- 
bution, stands to gain somewhat more in fuel economy than the 
single-cylinder results presented indicate.    For example,  it if is 
assumed that the r.ulticylinder engine is operating at an average 
fuel-air ratio'of 0,060 with normal spark timing,  any cylinders 
that have richer or leaner fuel-air mixtures than this value will 
have higher fuel consumption than a cylinder operating at a fuel-air 
ratio of 0,060 because the minimum point on the fuel-consumption 
curve (fi;.  15)  is at this fuel-air ratio.    The over-all fuel con- 
sumption of the multicylinder online would then be higher than that 
of a single cylinder operating at a fuel-air ratio of 0.060.    If the 
spark timing is now advanced to peak power, the minim'.i-.; point on the 
fuel-consum'tion curve shifts to a consideraoly leaner mixture.    The 
fuel-air ratio of 0.060 is no longer at the minimum point,  so any 
cylinders that now operate tut n richer fuel-air ratio have a higher 
fuel consumption than one operating at 0.060; whereas, any cylinders 
that operate at a leaner fuel-air ratio have a lotvor fuel consumption 
than those operating at 0*060.    The over-nil fuel consumption for the 
multicylinder engine would then approach that of a single-cylinder 
cngino operating with peak-power spark advance at a fuol-air ratio 
of- 0,060.    The reduction in over-all fuel consumption obtained by 
advancing the  spark of the multicylinder engine wi'-h imperfect dis- 
tribution is therefore greater than that obtained from singln-cyli.ider 
tests.    The more imperfect the mixture distribution,  the greater would 
bo thi' gain by advanoing the spark to the peak-power condition. 

< 

The single-cylinder data presented have shown a pocsi.le reduc- 
tion in loan-mixture fuel consumption of approximately -1 ,>croent by 
advancing the spar':.    The multicylinder engine would bo expected to 
elm* a somewhat greater reduction depending on the mixture distri- 
bution.    It is estimated, howover, that an increase of approximately 
10 performance numbers in the lean rating of the fuel'would be re- 
quired to r-iaintaiu the aame kiiock-linitod no.vor at a fuel-air ratio 
of 0.060 if the spark timing was 'advanced to poak power« 

SiMARY OF RESULTS 

\ 

Fror.; an investigation to determine the effect of online-operating 
voriaalos and ii.ternnl coolants on spark advance requirements of 
liquid-cooled single cylinder for maximum take-off power and maximum 
cruise economy,'tho following results were o'otainodi 

1,    Among tho variables tostcd only fuel-air ratio  and intornal 
coolant-fuol ratio havo largo effects on the peak-power spark timing. 8; 
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2. Whan the spark timing is  advanced fror, normal  (inlet, 
28° B.T.C.j  exhaust,  34o B.T.C.)  at  a fuel-air ratio  of ,0.060 to 
peal: power at a fuel-air ratio of 0.057, which sacrifices no 
online power for a given inlet-air pressuro,  a 4-peroont roduo- 
tion in indicated specific fuol consumption is realized.    Any 
unovoness in mixture, distribution of a raulticylinder engine would 
result in a decrease in brake specific fuel consumption greater 
than that for a singlo-cylind_r originoj the more uneven the mix- 
ture distribution,  the greater is the decrease to bo oxpectod. 

3. .'oi increnüu r.f approximately 10 p.;rformaice numbers in 
the lean rating of the  fuel would be roquired to maintain the sane 
knack-limited powor at a fuel-air r-vtio of 0.060 if tho s'>ark timing 
v.-as advanced to pu*>.k po'./er. 

4. 'nook-lii. itod indicated moan effective pressure at take-off 
conditions v.-as increased aoout 6 percent when the s-iark timing was 
retarded fron the normal value (inlet, 2B° B.T.C.j exhaust,  34° 
B.T.C.) to the po::ut vrhere rough oporntion wma reached (inlet, 16° 
li.7.C.j  exhaust,  22° B.T.C).    >7hen the additional suj urchargor 
power Maesaury to supply the higher manifold pressure is con- 
sidered,  tho gain in the lavok-lir itod brake horsepower for  a 

, Rultieylinder online v.'ith a single-stage supercharger is approxi- 
mately 4 percent. 

I 
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Aircraft FIr>gine Rescaroh Laboratory, 
national Advisory lommittoo for Aeronautics, 

Cleveland, Ohio, Kay 18,  li>45. 
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adaptation   to   CUE  crankcase   showing   two   positions   of 
internal-coolant   nozzle. 
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for two internal coolants injected before the vaporization tank. Single- 
cylinder adaptation of nulticylinder engine to CUR crantc.case; oonpreasion 
ratio, 6.65; Inlet-oil temperature, 196° t: outlet-coolant temperature, 
260° Y; inlet-air temperature, 263° }'; inlet-air pressure, ; 

aercury   absolute;   engine   speed,   3300   rpm. 
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ture, 250° F; inlet-air pressure, 50 inches meroury absolute; engine 
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timing.     Single-cylinder  adaptation  of multicylinder  engine 
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